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A silicon-nanocrsytal resonant-cavity light-emitting device (RCLED) is presented. The
microcavity, made by a silicon nanocrystal layer inserted between a semitransparent Au reflector
and a distributed Bragg reflector mirror, shows enhanced emission intensity by four times at
resonance wavelength and 1/8 narrow emission spectrum compared to nonresonant devices. The
external quantum efficiency and power conversion efficiency also increase by 3.5 times. Multiple
colors, green, green-yellow, orange, and red are displayed by adjusting the cavity length of
RCLED.VC 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.3702793]
I. INTRODUCTION
Visible photoluminescence (PL) of nanostructured sili-
con was first discovered by Canham in 1990.1 Since then,
many attempts to achieve silicon-based light emitting devi-
ces through quantum confined nanostructures have been
made extensively.2–5 Strong electroluminescence of silicon-
nanocrystal (Si-nc) light-emitting devices by a p-n junction
or a metal-oxide-semiconductor structure was later
reported.6,7 However, the power conversion efficiency is rel-
atively low, which makes Si-nc not yet ready for practical
lighting devices. Even though the device performance still
cannot compete with III-V semiconductor, Si-nc devices
receive a lot of attention because they can be fabricated by
cost-effective and large-area microfabircation process in
light of state-of-the-art silicon technologies.
One possible way to enhance luminescence of Si-nc
light emitting devices is incorporating optical microcavities.
Such an idea has been widely applied for III-V semiconduc-
tor devices.8 The microcavity can be made by distributed
Bragg reflectors (DBR) or metal reflectors that are employed
on the two sides of an active layer. Due to the resonant
effect, the emission intensity is enhanced and the spectral
bandwidth is narrowed with strong angular dependency.
Similar approaches are also utilized for surface emitting or-
ganic LED,9 where a highly reflective metal layer and a par-
tial transmittance DBR structure were used to form the
microcavity.
Several groups3,10 have reported enhanced emission in-
tensity and narrower bandwidth of Si-nc through optical
microcavities which were made by either planar or vertical
DBR reflectors. Here, we use a semitransparent gold thin
film and a DBR (Si/SiO2) structure sandwiching Si-nc
active layer to realize an electrical-pumped resonant-cavity
light emitting device. Au is applied for the reflector since it
is barely oxidized and shows excellent electrical conductiv-
ity. Moreover, the optical absorption of Au is relatively low
at the wavelength longer than 550 nm. To inject current into
the active layer, doped poly-Si is employed on the top DBR
(Si/SiO2) structure for contacting the Si-nc. Both the gold
film and DBR are utilized as the cavity reflectors as well as
the electrodes for current injection. One thing to be noted is
that the Si-nc intrinsically has broad PL emission band from
500 to 800 nm7,11 due to homogeneous nucleation of Si-nc
in the host dielectric matrix after high temperature anneal-
ing. Therefore, multiple colors of fabricated devices can be
selected by fine tuning the cavity length and the thickness
of Au.
II. DEVICE STRUCTURE AND FABRICATION
Figure 1 shows the schematics of Si-nc RCLED. The de-
vice is composed of a top reflector (a semitransparent Au
layer), a distributed Bragg reflector (a DBR structure made
by 4 pairs of Si/SiO2) at the bottom and an active layer (Si-
nc embedded in SiO2). Light is emitted out from the top Au
layer. The 4-pair of Si/SiO2 DBR provides high reflection
with broad bandwidth (>150 nm) for the microcavity and
the patterned aluminum ring is used as the bottom electrode
for current conduction through the doped poly-Si.
Device fabrication is described as follow. First, the bot-
tom DBR was stacked on a silicon wafer. The DBR layers
were made by a SiO2 layer of 109 nm (quarter wavelength in
SiO2) grown on the substrate by wet oxidation process, fol-
lowed by alternative depositions of 45-nm (quarter wave-
length in Si) silicon and 109-nm TEOS oxide up to 3 periods.
On the top of DBR, a 45-nm n-type doped poly silicon layer
was deposited by a vertical furnace filled with mixed SiH4
and PH3 process gases. Next, the Si-nc layer was prepared by
plasma-enhanced chemical vapor deposition (PECVD) for
depositing a Si-rich oxide dielectric (SiOx) film via a con-
trolled process condition of SiH4 to N2O ratio equal to 0.15 at
a substrate temperature of 350 C. Thereafter, the sample with
SiOx/DBR structure was annealed under N2 ambient in a high
temperature furnace at 1100 C for 3 h, and then the Si-nc
aggregated and were dispersed in oxide matrix(Si-nc:SiO2).
Buffered-oxide-etch (BOE) solution was used to pattern the
active region. The sheet resistance of the n-type silicona)Electronic mail: mclee@ee.nthu.edu.tw.
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(45 nm) exposed at the etched window of Si-nc:SiO2 was
measured to be 1.25103 (X/square) by 4-point probe
method. The resistivity can be further reduced by increasing
the ratio of PH3 mixing in SiH4. To tailor the emission wave-
length, the Si-nc layer was etched back to be with four differ-
ent cavity lengths which are 160, 144, 139, and 129 nm,
corresponding to 4 different emission colors. The top reflector
was made by Au and was patterned with a circular feature for
light emission. The emission aperture was designed to be 200
or 600 lm. Before Au deposition, thin (10 nm) ITO was de-
posited as an adhesion layer between Au and Si-nc:SiO2. To
study the influence of Au reflection and absorption, three dif-
ferent Au thicknesses were tested, which are 20, 40, and
60 nm. Finally, the bottom contact was made by Al deposition
through an electron-beam evaporator. Figures 2(a) and 2(b)
are the scanning electron micrographs (SEM) of the fabricated
device. The images clearly show stacked layers of the bottom
DBR and the top Si-nc:SiO2 layer.
III. RESULTS AND DISCUSSION
Figure 3 shows the photoluminescence of Si-rich oxide
annealed at different temperatures and time. The wavelength
of excitation light source is fixed at 325 nm in a spectrometer
(F-7000, Hitachi, Inc), and the measured PL peak shows a
redshift with increasing annealing temperature and time.
Similar results have been reported in.12–14 This redshift can
be explained by larger size of Si-nc developing due to aggre-
gation of silicon atoms at higher temperature for longer time.
The transmittance spectrum of the Au/Si-nc:SiO2/DBR
microcavity was analyzed by a commercial finite-difference-
time-domain simulator (FullWAVE/FDTD, Rsoft, Inc). The
thickness of each DBR layer was designed to be quarter
wavelength and the cavity length (Si-nc: SiO2 layer) was
half wavelength. Optical absorption and chromatic disper-
sion of silicon were also considered in simulation. Because
of large refractive index contrast of Si and SiO2, 4 pairs of
Si/SiO2 DBR layers are sufficient to provide high reflectivity
and board reflection band in visible light. Therefore, slightly
tailoring the thickness of Si-nc:SiO2 layer can fine-tune the
resonant wavelength whereas not affect the quality factor of
microcavity too much. In addition to the thickness of the Si-
nc:SiO2 layer, the semitransparent Au reflector actually also
influence the light resonance inside the cavity. In general,
the composite Au/Si-nc:SiO2/DBR cavity can be regarded as
a Fabry-Perot cavity, and the resonant wavelength is deter-
mined by the equation15–17
2ncavityLcavity  2pk
 
 UDBR  UAu ¼ 2mp; (1)
where ncavity, Lcavity, and k are the refractive index, cavity
length and the emission wavelength, UDBR and UAu are the
phase shifts induced by DBR and Au reflection, respectively,
and m is an integer that defines the longitudinal mode
number.
FIG. 2. Scanning electron micrographs (SEM) of the fabricated device from
(a) top and (b) cross-sectional view.
FIG. 3. Photoluminescence of Si-rich oxide (SiOx) annealed at different
temperatures and time.
FIG. 4. Simulation results on (a) resonant wavelength, (b) cavity mode in-
tensity and (c) FWHM of Au/Si-nc:SiO2/DBR microcavity as functions of
the Au thickness and cavity length.
FIG. 1. Schematics of Si-nc resonant-cavity light-emitting device.
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Figure 4(a) shows the resonant wavelength of Au/Si-
nc:SiO2/DBR as functions of the gold thickness and the cav-
ity length. The wavelength is red-shift as the cavity length
increases. In contrast, the wavelength exhibits a blueshift as
the Au thickness increases, resulting from a thickness-
dependent complex reflection coefficient of the Au film. It is
possible to control the resonance wavelength of a cavity by
varying the cavity length and the gold thickness. The cavity
mode intensities at a resonant wavelength versus different
cavity lengths and Au thicknesses are shown in Fig. 4(b). As
the Au thickness increases, the mode intensity increases
accordingly, due to strong optical reflection. However, above
a thickness of 40 nm, the mode intensity tends to diminish. It
can be explained by the metal absorption introducing extra
cavity loss. In addition, the full width at half maximum
(FWHM) bandwidth of cavity mode generally narrows with
the Au thickness and eventually approaches a constant value
near 15 nm. In this study, the Au thickness is desirably cho-
sen to be 40 nm to achieve the largest mode intensity and
narrower bandwidth.
Figure 5 displays the simulated and measured reflec-
tance of the top Au and bottom DBR reflectors. The
wavelength-dependent complex refractive indices of Si and
SiO2 were inputted in a simulation tool (TFCalc, software
spectra, Inc) for calculating the reflectance spectrum.
The measured reflectance of DBR structure was carried
out by reflectance spectroscopy accessory (Labsphere, Inc.)
designed for UV-VIS spectrometer (PerkinElmer, Inc).
Although poly-Si is used in real devices, the measured and
simulated spectra approximately agree well [Fig. 5(a)],
which shows that the peak reflectance is around 98 6 1%,
covering the bandwidth from 530 to 700 nm in wavelength.
The reflectance and absorption of a 40-nm gold film depos-
ited on a glass substrate are shown in Fig. 5(b). Overall, as
the wavelength is longer than 540 nm, Au reflectance is
larger than the absorption. To design a low-loss cavity, the
operational wavelength has to exceed 540 nm. The shadow
region in Fig. 5(b) marks the spectral range of photolumines-
cence of Si-nc:SiO2 referred to in Fig. 3.
Resonant-cavity light-emitting devices generally exhibit
more brightness, spectral purity, and directed far-field emis-
sion pattern, which results from modified spontaneous emis-
sion through microcavity effect. In this study, the reflectance
of the DBR structure is designed to be as high as 98% while
the Au layer is less reflective, leading to preferable top emis-
sion. Surface morphology of both the Au and DBR reflectors
are controlled to be very smooth, where the Au surface rough-
ness is 1.8 nm and the top poly-Si DBR layer has roughness
below 1 nm. The smooth surface is essential for uniform cur-
rent injection and less light scattering loss for RCLED.
A comparison of measured electroluminescence of Si-nc
light emitting devices with and without a microcavity is
shown in Fig. 6. In this study, the nonresonant Si-nc LED
was prepared by directly making Si-nc:SiO2 on a silicon
FIG. 5. Simulated and measured reflectance spectra of (a) DBR structure
and (b) 40-nm gold thin film.
FIG. 6. A comparison of electroluminescence of (a) Si-nc light emitting
devices with and without a microcavity, and (b) the Si-nc resonant-cavity
LED with different Au thicknesses (20/40/60 nm). The injected current den-
sity is around 8 mA/cm2.
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substrate and using ITO as the top transparent electrode for
current injection. With the same injected current density (8
mA/cm2), the Si-nc RCLED has a stronger emission inten-
sity at the peak wavelength and a narrower bandwidth, as
shown in Fig. 6(a). The spectrum of electroluminescence
(EL) was narrowed to be 1/8 of EL for the nonresonant devi-
ces and the peak intensity increased by fourfold. The reso-
nant wavelength of Si-nc RCLED is 638 nm and the FWHM
bandwidth is 30 nm. Additionally, the EL varied by Au
thickness is displayed in Fig. 6(b). According to the simula-
tion results in Figs. 4(a)–4(c), the blue-shift of resonant
wavelength is about 20 nm as the Au thickness changes from
20 to 60 nm, which agrees well with the experimental results
in Fig. 6(b). The maximum intensity occurs on the devices
with 40-nm Au thickness.
By considering the illuminating performance, the Si-nc
RCLED shows an enhancement factor of 3.5 for both exter-
nal quantum efficiency and power conversion efficiency,
compared to nonresonant devices. The quantum efficiency
and power conversion efficiency of fabricated Si-nc RCLED
are 4.34  103% and 5.36  105%, respectively, under a
constant current injection of 17 mA/cm2. The emission
power (W)-current (A) slopes of resonant and nonresonant
devices were 8.04  102 and 2.44  102 (mW/A), respec-
tively. The turn-on voltage was around 145V and the maxi-
mum power for the resonant device was 9 nW under a bias
current of 112 lA. A further improved efficiency is applica-
ble if superlattices18–21 or nanostructured electrodes22,23 are
incorporated. To demonstrate the idea of colorful Si-nc
RCLED, the Si-nc:SiO2 was selectively etched by four dif-
ferent thicknesses, which are 160, 144, 139, and 129 nm. Fig-
ure 7(a) displays the measured EL spectra and luminescence
images from the top view of device. The emitting colors are
green, green-yellow, orange, and red, corresponding to peak
wavelengths of 628, 610, 574, and 550 nm, respectively. Due
to the resonant-cavity effect, the emission bandwidth is nar-
row and shows a colorful image. Besides the EL measure-
ment, the angle-dependent emission spectrum of a Si-nc
RCLED was also examined. Because the normal component
of wave vector of oblique emission has to follow the reso-
nant condition as shown in Eq. (1), the EL spectrum actually
exhibits a slightly blueshift. Figure 7(b) is the measured EL
spectra with different off-axis emission angles. An off-axis
angle of 25 results in a spectral shift of 15 nm. In addition,
the emission intensity was attenuated for a large off-axis
angle.
IV. CONCLUSION
In conclusion, this paper successfully demonstrated Si-
nc resonant-cavity light emitting devices rendering different
colors. The microcavity consists of a Si-nc active layer sand-
wiched by a semitransparent Au reflector and a Si/SiO2
DBR mirror. Compared with the same device without the
microcavity, the electroluminescence bandwidth is narrowed
to be 1/8 and the peak intensity increases by fourfold. The
external quantum efficiency and power conversion efficiency
also increases by 3.5 times. By selectively varying the thick-
ness of active layer, the emission spectrum is tailored and
exhibits red, orange, green-yellow, and green colors.
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